Functional organization of the brain can be fundamentally altered by auditory deprivation. Previous studies found that the superior temporal cortex in deaf people is reorganized to process non-auditory stimuli, as revealed by the extrinsic task-induced brain activities. However, it is unknown how the intrinsic activities of this region are impacted by deafness. This study explored this issue using resting-state functional magnetic resonance imaging. We examined 60 congenitally deaf (CD) individuals, 39 acquired deaf (AD) individuals, and 38 hearing controls (HC), and focused on the effect of deafness on the intra-and inter-regional synchronization of different parts of superior temporal sulcus (STS). We found that intraregional synchronization or regional homogeneity (ReHo) of the middle STS (mSTS) was decreased in AD compared with HC or CD, while the CD had preserved ReHo in mSTS. Greater connectivity was observed between mSTS and posterior STS in CD and HC than in AD, while both CD and AD had weaker connectivity of mSTS with the anterior STS (aSTS) compared with HC. Moreover, the connectivity of mSTS-aSTS in CD and AD was associated with their language skills. These findings confirmed our hypothesis that the intrinsic function of different parts of STS is distinctly impacted by deafness.
Introduction
Sensory experience is critical for functional brain development (Bavelier and Neville 2002) . Permanent sensory deprivation, for example, in case of deafness or blindness, will fundamentally alter the functional organization of the brain, specifically, the region(s) originally responsible for that sensory processing (Bavelier and Neville 2002; Merabet and Pascual-Leone 2010) . Substantial research has addressed the issue of how auditory deprivation affects the functional development of the superior temporal cortex. Some evidence suggests that this region in deaf individuals is functionally organized to process non-auditory stimuli. For example, congenitally deaf (CD) individuals exhibited significant activation in the posterior superior temporal cortex when responding to visual (Finney et al. 2001 (Finney et al. , 2003 or tactile stimuli (Levanen et al. 1998; Auer et al. 2007 ). Moreover, irrespective of the age of onset of deafness, both early-and late-deaf individuals showed comparable activation in the posterior superior temporal cortex when processing sign language (Sadato et al. 2004 ). This evidence suggests that the function of the superior temporal cortex in deaf people may develop to process non-auditory inputs regardless of the amount of auditory experience.
Up to now, most available brain imaging evidence on the organization of superior temporal cortex in deaf people has examined task-related activity. A sole focus on task-related activity, however, ignores the alternative possibility that brain functions are mainly intrinsic (Raichle 2010) . Exploring intrinsic brain activity is important for understanding functional brain development, because it may best capture the essence of brain function (Raichle 2010) . Recent evidence from functional magnetic resonance imaging (fMRI) showed that brain intrinsic activity can predict both task-induced activity and behavioral performance (Mennes et al. 2010 Koyama et al. 2011) . Some previous studies using positron emission tomography have explored glucose metabolism at rest in cochlear-implanted deaf individuals (Catalan-Ahumada et al. 1993; Deggouj et al. 1995; Hirano et al. 2000; Lee et al. 2001 Lee et al. , 2003 Strelnikov et al. 2010 ). These results suggest that the function of auditory cortex in deaf people dynamically changes after cochlear implanting. Because these studies mainly focused on the adaptive mechanisms induced by the recovery of auditory system after cochlear implanting, they could not address the question of functionally adaptive processes simply corresponding to hearing loss, particularly the effects of early auditory deprivation. Deaf adults who do not undergo cochlear implanting surgery offer a unique opportunity to explore this cortical mechanism.
Anatomical studies have shown that the superior temporal cortex, particularly, the superior temporal sulcus (STS), is composed of several distinct unimodal and multimodal regions (Seltzer and Pandya 1978) . Non-human studies have characterized 3 STS subregions ( posterior STS [ pSTS], middle STS [mSTS] , and anterior STS [aSTS] ) that differ in intercortical connectivity Pandya 1989a, 1989b; Carmichael and Price 1995; Barbas 2000) , cytoarchitectural properties Pandya 1989a, 1989b) , and chemoarchitectural attributes (Padberg et al. 2003) . Growing evidence also suggests that different parts of the human STS may play varied roles. The pSTS appears to play an essential role in integrating auditory and visual information (Calvert et al. 2000; Beauchamp et al. 2004; van Atteveldt et al. 2004; Noesselt et al. 2007 ) as well as in integrating auditory and somatosensory information (Beauchamp et al. 2008 ). Non-human primate studies have also shown that some neurons in pSTS respond to both visual and auditory stimulation (Benevento et al. 1977) . In line with these findings, tracer injection studies found that pSTS received projections from both the visual and auditory cortex (Seltzer and Pandya 1994) . The mSTS appears to be specialized for human voice processing, regardless whether speech or non-speech (Belin et al. 2000; Fecteau et al. 2004 ). Evidence from non-human studies has also shown that a homogeneous area lying in the mSTS receives inputs only from auditory-related areas (Seltzer and Pandya 1978) , suggesting that this is a unimodal area for voice processing. As to deaf people, one study found more prominent activation in this region in early-than in late-deaf individuals when processing sign language (Sadato et al. 2004) , suggesting functional plasticity of the middle part of the superior temporal cortex is sensitive to the period when auditory deprivation occurs. The aSTS appears to be mainly involved in processing meaningful speech (Scott et al. 2000; Narain et al. 2003) . Some argue that the anterior portion of temporal cortex (temporal pole) is involved in sentence-level processing (Vandenberghe et al. 2002; Humphries et al. 2005 Humphries et al. , 2006 , suggesting that this region might involve combinatorial semantics (McClelland and Rogers 2003; Hickok and Poeppel 2007) . As to deaf studies, similar activation has been found in deaf individuals and hearing controls (HC) when processing their primary language, but aSTS was not activated when deaf individuals were reading English sentences (Neville et al. 1998 ). This suggests that the function of aSTS in deaf people may develop to process sign language but not written language. Although research is not conclusive, it appears that auditory derivation distinctly affects the function of different parts of STS.
In the current study, we explored the intra-regional synchronization and inter-regional synchronization of the superior temporal cortex using resting-state fMRI to examine the role of auditory experience on the functional brain organization of the deaf individuals without cochlear implants. For intra-regional synchronization, we calculated brain regional homogeneity (ReHo) during resting state, which provides an indicator of local synchronization within a brain region (Zang et al. 2004 ). For inter-regional synchronization, we calculated functional connectivity among brain regions using a seedbased approach. We examined both CD and acquired deaf (AD) to directly determine the effect of auditory deprivation on intrinsic function of the superior temporal cortex. Specifically, we focused on the STS because different parts of STS may be distinctly impacted by the auditory deprivation. Although pSTS and aSTS may develop to process different stimuli in deaf individuals, these regions appear to develop normally. In contrast, the function of mSTS is sensitive to the period when auditory deprivation occurs and may not develop normally. Based on the previous literature, we hypothesized that, compared with pSTS and aSTS, the intra-regional synchronization of mSTS would be most impacted by the auditory deprivation. We also explored possible changes of inter-regional connectivity by examining functional connectivity with seed regions showing altered intra-regional synchronization. We further explored whether intra-and interregional synchronization of the superior temporal cortex in deaf people was related with their language skills.
Materials and Methods

Participants
We recruited 142 right-handed participants with no history of neurological or psychiatric illness for our study, including CD, AD, and HC. Two AD were excluded because of poor image quality, 2 CD were excluded because of bad segmentation, and 1 AD was excluded because of excessive head motion for the resting-state data (see Image Preprocessing). After these exclusions, there were 60 CD (37 females, mean age 21.2 ± 2.24 years, range 17-28), 39 AD (19 females, mean age 21.6 ± 1.70 years, range 19-26), and 38 HC (21 females, mean age 21.8 ± 2.25 years, range 17-28) entering into the analysis. All CD (better ear: mean 98.7 ± 6.98 dB, range 91-120; left ear: mean 100.5 ± 7.63 dB, range 91-120; right ear: mean 101.7 ± 8.23 dB, range 91-125) and AD (better ear: mean 99.1 ± 7.63 dB, range 91-120; left ear: mean 101.3 ± 7.77 dB, range 92-120; right ear: mean 102.4 ± 9.66 dB, range 91-125) exhibited profound hearing loss. There were no significant differences in level of hearing in the better ear (t = 0.275, P = 0.784), left ear (t = 0.559, P = 0.577), or right ear (t = 0.368, P = 0.714) between CD and AD. Each deaf participant had normal intelligence quotient (IQ) scores as determined by Raven's Standard Progressive Matrices (Raven 1976 ). All deaf individuals had >50% on the appropriate norms. None of the deaf individuals wore hearing aids before 6 years old or in the past 3 years. The Chinese sign language was the primary language of all deaf individuals. The causes of deafness were genetic, pregnancy-related virus, meningitis, otitis media, ototoxic medications, complications at childbirth, or unknown. In AD, age ranges of the onset of deafness were from 6 months to 6 years (mean age 2.70 ± 1.72). There were no significant differences in age (F = 1.160, P = 0.317) and sex (χ 2 = 1.629, P = 0.443) between the HC, AD, and CD. Institutional review board approval was obtained from the State Key Laboratory of Cognitive Neuroscience and Learning at Beijing Normal University. Informed written consent was obtained from each participant. Detailed characteristics of CD and AD are presented in Supplementary Tables S1 and S2 .
Notable the comparisons between CD and AD may be confounded with different etiology, since some causes of deafness, such as maternal rubella in some individuals, may have additional effects on the central nervous system. We tried to minimize such an effect by only recruiting deaf participants who had normal IQ (tested by Raven's Progressive Matrices) and who did not show any significant brain abnormalities (as examined by an experienced neuroradiologist). However, we cannot exclude the possibility that there might be subtle effects on the central nervous system.
Language Skill Assessment
We administered 2 tests of written language to evaluate whether the synchronization at rest was associated with language skills. In the first test, deaf individuals (except 6 CD and 2 AD) were shown a series of 4 pictures and asked to write a story within 30 min. The primary criteria for scoring were 1) understanding of the pictures and 2) organization with good sentence structure and choice of vocabulary. The final score for each participant was calculated by averaging scores from 3 trained appraisers, using a 6-point (0-5) scale. If the highest and the lowest scores differed by more than 2 points on the scale, scores from 2 other appraisers were obtained. In this case, the final score was the average of 3 middle scores.
In the second test, 31 CD and 38 AD were assessed with the character recognition measure and assessment scale (CRMA; Wang and Tao 1993) . CRMA is a widely used standardized test for Mandarin reading that requires writing a word when given a Chinese character. Scores for the test indicate character recognition and the understanding of the meaning of characters. We also tested 32 age-and sex-matched HC who did not receive the fMRI scanning.
Imaging Acquisition
Functional and structural images were acquired on a Siemens 3T Tim Trio scanner using a standard head coil. Head fixation with foam pads and ear protection with earplugs was used for each subject. During resting-state fMRI, participants were instructed to hold still, keep their eyes closed but not fall asleep or think of anything in particular. Imaging parameters of resting-state fMRI were 25 axial slices with echo-planar image pulse sequence, repetition time 
Imaging Preprocessing
We used SPM5 (http://www.fil.ion.ucl.ac.uk/spm) for preprocessing and General Linear Model statistical analysis. Data of the first 10 volumes were discarded to remove the effects of instability of initial magnetic resonance imaging signal and get the participants used to the environment. The remaining 230 images were preprocessed including slice timing, motion correction, co-registration to the structural data, spatial normalization to the MNI (Montreal Neurological Institute) template image, and spatial re-sampling (3 × 3 × 3 mm). Imaging data for participants with head motion >3 mm in transition or 3°in rotation for the fMRI were discarded. Then the linear trend was removed. A temporal band-pass filter (0.01-0.08 Hz) was applied to remove very low-frequency drifts and physiological high-frequency noise (Lowe et al. 1998; Greicius et al. 2003 ) by using resting-state fMRI data analysis toolkit (REST; Song et al. 2011, www.restfmri.net) .
ReHo Analyses
Using SPM5 software (http://www.fil.ion.ucl.ac.uk/spm), intracranial voxels were created as a brain mask. Kendall coefficient of concordance (KCC) was used to measure ReHo or local synchronization of the ranked time series within a functional cluster (Zang et al. 2004 ). In our study, we measured ReHo of the nearest 27 neighboring voxels in a voxel-wise way. An individual KCC map was calculated for every participant. This procedure was implemented by using the REST V1.4 (Song et al. 2011 ; http://www.restfmri.net). For standardization purposes, individual ReHo maps were divided by its global average ReHo within the whole-brain mask. Then individual standard ReHo maps were spatially smoothed with 6-mm full width at half maximum (FWHM).
The volume of interest, that is, superior temporal cortex, was defined as the bilateral superior and middle temporal gyri (STG and MTG, and therefore includes STS) based on automated anatomical labeling (Tzourio-Mazoyer et al. 2002) . We conducted 1-way analysis of variance (ANOVA) among CD, AD, and HC within the volume of interest. Multiplecomparison correction was performed with the program AlphaSim in REST, which estimates the overall significance level through Monte Carlo simulations (Song et al. 2011 ). In running AlphaSim, uncorrected P-value was set at 0.005 and FWHM was set at 6 mm. Bilateral superior temporal cortices were chosen as the brain mask. Cluster size >270 mm 3 was considered as significant, which is associated with a corrected P-value (alpha) of 0.05. To determine which groups were driving this omnibus difference, we conducted post hoc Tukey pairwise comparisons with a threshold of 0.05 among groups for the mean of each cluster identified in the ANOVA analysis.
Although we focused on the effect with the superior temporal cortex bilaterally, we also performed a whole-brain analysis with a 1-way ANOVA to explore whether other brain regions outside of the superior temporal cortex showed significant differences among CD, AD, and HC and the following post hoc analysis. The results are presented in the Supplementary Materials.
Functional Connectivity Analysis
The seed region was defined as the cluster identified in the ANOVA analysis showing significant ReHo difference among the 3 groups in STS (see Fig. 1A for exact location). First, we calculated the functional connectivity between the time course of the seed region and the time courses of each voxel within the superior temporal cortex. Before the calculation, all images were smoothed (FWHM = 6 mm). After the calculation, we transformed individual r-maps to Z-maps using Fisher's Z test. A 1-way ANOVA was applied in each voxel to find significant functional connectivity differences among CD, AD, and HC (P < 0.05, AlphaSim corrected). In performing AlphaSim, the same uncorrected P-value and FWHM as that in ReHo analysis were used to estimate the significance, using the bilateral superior temporal cortex as a mask. We further conducted post hoc Tukey pairwise comparisons with a threshold of 0.05 among groups for each cluster identified in the ANOVA analysis.
In addition, we calculated the functional connectivity between the seed region with other brain regions outside of the superior temporal cortex in a voxel-by-voxel way. Then we performed the ANOVA analysis to explore the group difference of the functional connectivity with these regions (Holmes et al. 2005 ). Cluster(s) >648 mm 3 were considered significant, which is associated with a corrected P-value (alpha) of 0.05. We also conducted post hoc Tukey pairwise comparisons with a threshold of 0.05 among groups for each region identified in the ANOVA analysis.
Correlation Analyses on Intra-/Inter-Regional Synchronization and Language Skills Given the importance of superior temporal cortex in language processing, we further explored whether the intra-and interregional synchronization in the superior temporal cortex in deaf individuals was correlated with their language skills. We calculated the correlation of either ReHo or functional connectivity values in each voxel of superior temporal cortex with either the scores of CRMA or that of the story writing separately for CD and AD groups. Again, a corrected P-value of <0.05 was set as the threshold, which is associated with a cluster size >270 mm 3 combined with uncorrected P < 0.005.
Results
ReHo Results
The ANOVA within the anatomical mask of superior temporal cortex showed differences in the right mSTS (MNI coordinates [63 −12 −9], F = 9.53, cluster size = 1323 mm 3 ) among CD, AD, and HC, with a threshold of P (corrected) <0.05 determined by AlphaSim (Fig. 1A) . The post hoc pairwise tests further found that AD had lower ReHo when compared with CD and HC in the right mSTS (P < 0.001, Fig. 1B ). There was no difference between the CD and HC.
Whole-brain analysis revealed significant differences in bilateral supplementary motor area, right precentral gyrus, left inferior frontal gyrus, left superior frontal gyrus, and left putamen (Supplementary Table S3 and Fig. S1 ). Detailed results of post hoc pairwise tests were presented in Supplementary Table S3 .
Functional Connectivity Results
We first calculated the temporal correlation between the seed region (right mSTS, see Fig. 1A for the exact location) with every other voxel within the superior temporal cortex. Several brain regions within either the ipsilateral or contralateral superior temporal cortex showed a significant difference among the 3 groups in the ANOVA, including the right aSTS and pSTS, the left aSTS and mSTS, and left middle STG (mSTG; Fig. 2 and Table 1 ). Post hoc pairwise tests showed that for both left and right aSTS, both CD and AD had reduced functional connectivity compared with HC. But for the right pSTS and left mSTS/mSTG, only AD showed reduced functional connectivity compared with HC. Instead, CD had a trend of enhanced functional connectivity compared with HC, though only significant in the left mSTS (Fig. 2) . For all of these regions, CD had enhanced functional connectivity compared with AD. Some brain regions outside of temporal cortex also showed group differences (Supplementary Table S3 and Fig. S2 ). Most brain regions actually showed a negative connectivity with the seed region (right mSTS) in the HC group, including the left precuneus, cerebellum (vermis), the left thalamus, left middle occipital gyrus, and right precentral gyrus. Among these regions, both CD and AD showed the reduced negative connectivity compared with HC in the left precuneus, cerebellum (vermis), and the left thalamus, whereas they showed an enhanced negative connectivity compared with HC in the left middle occipital gyrus and right precentral gyrus. In addition, both CD and AD showed an enhanced positive connectivity compared with HC in the anterior cingulate cortex, whereas they showed the reduced positive connectivity compared with the HC in the left medial superior frontal gyrus (Supplementary Fig. S2 ).
Behavioral and Correlation Results
For the scores of story writing, there was no significant difference between CD and AD (t = 0.899, P = 0.371; CD: 3.85 ± 0.09; AD: 3.97 ± 0.11). For the scores of CRMA, significant differences were found when comparing CD, AD, and HC (F 2,98 = 34.507, P = 4.52 × 10 −12 ; CD: 2859 ± 51; AD: 2984 ± 47;
HC: 3426 ± 51). Post hoc tests further showed that CD and AD had reduced scores compared with HC (CD: P = 1.71 × 10 −11
; AD: P = 1.51 × 10 −8
), but no significant difference was found between CD and AD (P = 0.225).
The results of correlation analyses are shown in Table 2 . For ReHo, significant correlation was only found for right STG in the CD group with story writing. For the functional connectivity (with the seed region of right mSTS), significant correlations were found at both the right aSTS/aMTG and the left mSTS with either CRMA or story writing. Specifically, CD group showed a significant correlation between functional connectivity of both left mSTS (MNI [−54, −33, 6] ) and right aMTG (MNI [51, −3, −27]) with CRMA, and left mSTS/STG (MNI [−51, −39, 21] ) with story writing. The AD group showed a significant correlation between functional connectivity of the left aSTS (MNI [−54, 0, −15] ) with story writing (Fig. 3) .
Due to some practical reasons, we only collected the scores of CRMA for 31 CD, while 60 CD received the resting fMRI scanning. To investigate whether including only 31 CD in the analysis biased the results, we compared the values of both the ReHo of right mSTS and the connectivity between mSTS and pSTS/aSTS for the 31 CD who received the CRMA versus the 29 CD who did not. We found that these 2 subgroups did not have significant differences in ReHo of the right mSTS (t = 0.093, P = 0.926) or connectivity between mSTS and pSTS (t = 0.32, P = 0.72) or between mSTS and aSTS (t = − 0.88, P = 0.38). These results suggest that including only 31 CD did not influence the results reported.
Discussion
We examined fMRI during resting in CD, AD, and HC. When compared with HC, AD had reduced ReHo in the right mSTS, whereas CD had preserved ReHo in this region. As to functional connectivity, CD had a greater connectivity between the seed region determined by ReHo (mSTS) and ipsilateral pSTS or contralateral mSTS/mSTG compared with AD. This may Location is the anatomical areas in regions that showed group differences of correlation between either ReHo or functional connectivity with language performance in CD and AD. Corrected P < 0.05. mSTG: middle superior temporal gyrus; mSTS: middle superior temporal sulcus; CRMA: character recognition measure and assessment scale; MNI: Montreal Neurological Institute; ReHo: regional homogeneity; aMTG: anterior middle temporal gyrus; aSTS: anterior superior temporal sulcus; CD: congenitally deaf individuals; AD: acquired deaf individuals. suggest greater cross-modal plasticity in CD than in AD due to connectivity with the pSTS believed to be involved in multisensory integration. It may also suggest that partial auditory experience in the AD reduced cross-modal plasticity. In addition, both AD and CD had reduced connectivity of bilateral aSTS with the seed region. Finally, the connectivity of bilateral aSTS/aMTG and the left mSTS/mSTG with the seed region was associated with their language performance, suggesting that the alteration of the inter-regional synchronization may impact language performance in deaf individuals. This discussion will highlight how these results provide a deeper understanding of the forces behind the organization of temporal cortex in deaf individuals.
Role of Cross-Modal Plasticity
We found that the individuals of the CD group who have no early hearing experience exhibited preserved ReHo in mSTS when compared with the HC group. We suggest that the possible reason is cross-modal plasticity caused by the deprivation of auditory experience. Previous studies have shown that mSTS receives projections predominantly from auditory cortex (Seltzer and Pandya 1978) and functions to process human speech information (Belin et al. 2000; Fecteau et al. 2004) . Auditory deprivation might lead to cross-modal plasticity in the mSTS, shifting the role of this region to the processing of biological motion. Increased activity in the middle and posterior STG, but not the primary auditory cortex, has been revealed in CD individuals when processing sign language (Nishimura et al. 1999 ). Behavioral studies have also shown that CD have better visual performance (Bavelier et al. 2006) , possibly indicating that they have recruited other regions of the brain for processing visual stimuli. The reduced ReHo in mSTS in the AD group may suggest less cross-modal plasticity in this region compared with the CD group. This is consistent with previous findings showing that the age of the onset of deafness is critical in the crossmodal plasticity of deaf brain. For example, previous studies have found that deaf individuals usually have better visual skills in attentionally demanding tasks (Bavelier et al. 2006 ). However, the evidence for cross-modal plasticity has been mainly from congenitally (Neville and Lawson 1987; Bavelier et al. 2000) or early deaf individuals (Sladen et al. 2005) . A brain imaging study found that early deaf individuals show stronger activation than late deaf individuals in mSTS (Sadato et al. 2004 ). In addition, deaf individuals with cochlear implanting showed that the onset age of deafness plays an important role in speech language development (Osberger et al. 1991; Fryauf-Bertschy et al. 1992 ) and brain activation during speech processing (Okazawa et al. 1996; Naito et al. 1997) . This evidence suggests that the earlier the individuals' acquired deafness, the greater the cross-modal plasticity.
The suggestion that there is an enhanced cross-modal plasticity in mSTS in CD is also consistent with greater connectivity between mSTS and pSTS for CD compared with AD. Previous studies in HC have shown enhanced activity for multimodal stimuli compared with unimodal ones in pSTS (Calvert et al. 2000; Beauchamp et al. 2004; van Atteveldt et al. 2004; Noesselt et al. 2007; Beauchamp et al. 2008 ). As reported above, the mSTS appears to have a different function in HC, as it is sensitive to human speech (Belin et al. 2000; Fecteau et al. 2004) . In contrast, studies on CD have found that both the mSTS and pSTS process visual objects (Petitto et al. 2000; Sadato et al. 2004) . The enhanced functional connectivity found in our study between mSTS and pSTS for CD may be associated with the recruitment of the mSTS to process visual language. Alternately, both middle and posterior regions of the superior temporal cortex have been reported to be associated with motion (Allison et al. 2000; Bavelier et al. 2001; Grossman and Blake 2002; Beauchamp et al. 2003; Peuskens et al. 2005 ) and face processing in HC (Allison et al. 2000; Haxby et al. 2000; Ishai et al. 2005) . Absent auditory information, CD individuals make use of these types of visual information to a greater degree to communicate with others, and this may be reflected in their greater recruitment of the middle and posterior STS (Bavelier et al. 2001; Finney et al. 2001 Finney et al. , 2003 . The possible structural mechanism of this crossmodal plasticity is that CD individuals have maintained redundant neuronal connections in the superior temporal cortex, allowing neural rewiring of auditory-related cortex to process visual stimuli (Li et al. 2012) .
Implications for Language Processing
For both the AD and CD groups, we found reduced connectivity between the right mSTS and bilateral aSTS. In the correlation analysis, we also found that the functional connectivity of right mSTS and aSTS/MTG is positively correlated with language performance. For hearing people, the mSTS usually collaborates with anterior temporal cortex to process auditory language (Humphries et al. 2001; Rimol et al. 2005; Uppenkamp et al. 2006 ) and music (Peretz and Zatorre 2005) . The dual stream model of speech processing has argued that the dorsal stream supports an interface of phonological information with the frontal articulatory system, whereas a ventral stream maps acoustic speech to conceptual and semantic representations (McClelland and Rogers 2003; Hickok and Poeppel 2007) . The anterior STS/ MTG, a part of ventral stream, has been suggested to be involved in linking speech with lexical/conceptual information (McClelland and Rogers 2003; Hickok and Poeppel 2007) . The decreased connectivity between right mSTS and bilateral aSTS for both CD and AD groups may result from the absence of the links between word forms and lexical/conceptual representations.
Although studies have found bidirectional connections between the hemispheres during language processing, they have also shown a stronger influence of the right on the left hemisphere and stronger intra-hemispheric connections within the left hemisphere (Bitan et al. 2010) . These results support a model of cooperation between hemispheres, but left hemisphere specialization when processing speech signals for comprehension. Moreover, the dual stream model of speech processing argues that the processing of combinatorial semantics is left hemisphere dominant (Hickok and Poeppel 2007) . Sign language processing in the deaf is also left hemisphere dominant (Sakai et al. 2005) . Studies have shown that left STG and MTG are involved in sign language in deaf individuals (Neville et al. 1998; Petitto et al. 2000; Emmorey et al. 2002 Emmorey et al. , 2005 MacSweeney et al. 2002 MacSweeney et al. , 2006 Sakai et al. 2005) . The role of processing sign language may facilitate intrafunctional synchronization within the left STS. A previous study also found that the fractional anisotropy of right STG, but not left STG, was altered in deaf individuals (Kim et al. 2009 ). Consistent with this, we only found changed ReHo in the right mSTS in AD. Finally, we found connectivity between right mSTS and left mSTS/mSTG for the CD compared with the other 2 groups. This is consistent with previous studies that congenitally native deaf signers displayed similar activation within classical language areas of the left hemisphere but greater activation in homologous areas of the right hemisphere when compared with HC (Neville et al. 1998) , indicating that CD signers may rely on greater cooperation of bilateral temporal regions.
Interestingly, we also found that both CD and AD have greater functional connectivity than HC at several brain regions either positively (anterior cingulate cortex) or negatively (left middle occipital gyrus and right precentral gyrus). The anterior cingulate cortex is important for cognitive monitoring and conflict resolving (Carter et al. 1999; Abutalebi et al. 2011) , left middle occipital gyrus has been implicated in human body motion or action perception (Astafiev et al. 2004; Corina and Knapp 2008) , and right precentral gyrus has been shown to be involved in hand motion or finger movement (Baraldi et al. 1999; Joliot et al. 1999 ). Both human action perception and hand/figure movements are critical components of sign language processing. Given both CD and AD individuals use sign language while HC individuals use spoken language, it is possible that the enhanced functional connectivity in these regions is related with sign language processing. Future studies are required to address this issue.
Conclusion
In conclusion, we found that ReHo of the right mSTS was preserved in CD, but there was increased connectivity between mSTS and pSTS than AD. This suggests possible cross-modal plasticity caused by the deprivation of auditory experience. The AD had weaker ReHo in right mSTS and had reduced connectivity of this region with pSTS, possibly indicating that they did not benefit from cross-modal plasticity due to altered early auditory experience. Finally, the AD and CD had weaker connectivity of mSTS with aSTS/aMTG than HC. The alteration of mSTS-aSTS connectivity in both CD and AD appears to interfere with the normal linking of word forms with combinatorial semantics that give rise to meaning. These findings suggest that the intrinsic function in different parts of the superior temporal cortex is distinctly impacted by the auditory experience (×Fig. 3).
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